This research was conducted to analyze the thrust performance generated from a two dimensional contractile water jet thruster (CWJT). The main aim of this research is to investigate the relation and reaction between the input parameters of the contractile water jet thruster. The major parameter of this study is the actuating force as the input and the thrust force as the output. In addition to these parameters, nozzle area and fluid velocity influence were also considered in the investigation. Two pneumatic cylinders were applied to actuate the contraction. Thrust force was measured by both experimentally and theoretically. Generally the increment of the contraction force increases the thrust force. However, generated thrust at different contraction force depends on the size of the nozzle.
Introduction
Contractile water jet thruster (CWJT) is being inspired by aquatic animals that utilize the water jet for its locomotion such as squid, jellyfish and octopus [1] , [2] . Compared to the typical continuous water jet thruster, CWJT has a deformable body which functions as a pressure generator. Thus, the advantages of this propulsion method are including the feasibility for small underwater robot locomotion and flexibility in maneuvering [3] . Technically, the CWJT deals with fluid momentum, as the consequence from fluid volume differentiation which involves the contraction and expanding process. Some would refer the reaction from the fluid momentum as impulse, where it obeys Newton III law [4] , [5] . Unlike the continuous water jet thruster, this CWJT generates the jet periodically, to ensure the fluid is fully encapsulated for a maximum thrust during contraction [6] . Hence, the main challenge to achieve the CWJT's ultimate performance is to optimize the interrelated parameters such as the contraction force, contraction frequency, thrust force, Reynolds number of the jet, fluid volume flow rate as well as nozzle area ratio, that contribute to the jet propulsion. The aim of this research is to investigate the relation between the input parameters in order to achieve the optimum thrust. However, some of the parameters had been neglected as this research focuses on thrusters for mini underwater robot application. In order to observe the morphological effect on the fluid flow behavior, a video camera was employed to record the motion of colored fluid that entered and jetted out from the CWJT. The analysis was conducted by adjusting the nozzle area, contraction force and contraction frequency. In this research, pneumatic cylinders were applied as the lateral actuators for easy control of the contraction force. The result shows that the increasing contraction force increases the thrust. However, it depends on the size of the nozzle. The thrust from measured data was compared to the thrust which was obtained from load cell measurement.
System Modeling CWJT Design. The proposed 2D CWJT design was based on fundamental of fluid mass reduction from the contraction of a pressurized container. As the main aim of this research is to analyze the input parameter in 2 dimensional analyses, three transparent acrylic panels were stacked to form the CWJT which emphasizing on the X-Y plane (Fig.1) . The pressurized container or the pressure chamber would be the compartment to entrain the water and being pressurized to expel the fluid for impulse excitation. The pressure would be varied by moving the lateral sliding walls which had been driven by pneumatic actuators (model SMC CJ2B10-75) on the Y-axis direction. The sliding walls were assembled with the fittest tolerance to minimize the fluid leakage at minimum friction. The thickness of the pressure chamber was constantly fixed at 6mm. The maximum size of the pressure chamber was 1.4095x10 -5 m 3 and the total contraction reduces the pressure chamber volume to become 0.00m 3 . The nozzle area was determined by adjusting the size of the opening at the second layer of the panel. There were four different dimensions of the second layer so it would give four different nozzle area variations. The input force from the actuators had been determined by regulating the pressure regulator. Each of the pneumatic cylinders has 10cm 2 bore size with 75mm stroke length. The sum area of the sliding walls that interact with the fluid was 4.8z10 -4 m 2 .
Mechanics of Contraction
Basically there were two conditions where the applied input force was taken place which was the inflation phase and deflation phase. The contractile process started with the inflation phase of the pressure chamber and followed by the deflation phase where the pressure chamber would be totally zero. Fundamentally the contraction force, F c as the input parameter could be determined by dynamic balance equilibrium as mentioned by Calarasu et al. [7] ;
Where m w is the mass of the wall and the cylinder rod, dvp/dt is the piston acceleration, F f is the friction force, A 1 is the bore area of the cylinder, A 2 is the balance area of the bore and cylinder rod and p c is the piston pressure. The F f is consists of two components which are the friction force because of the cylinder rod, F f1 and friction force from the surface contact of the lateral wall, F f2 .
(2) Describing F f1 and F f2 into their respective components, thus F f becomes;
Where v p is the piston velocity, b is the contact area, δ is the cylinder rod displacement, v is the air viscosity, µ k is the friction coefficient of the acrylic panel and g is the gravitational acceleration. D is the diameter of the internal bore of the cylinder. Fluid Flow Characterization. In this experiment, the main objective was to find out the mass flow rate of the ejected fluid at different contraction force, contractile frequency and at variable nozzle area. Besides, thrust could be also calculated from the fluid velocity. The 2D CWJT design specification had been discussed in the previous section. The fabricated prototype was fixed in a 485mm x 365mm x 75mm (L x W x T) water container. The depth of the CWJT was set at 10mm under the surface of the water. Red color was utilized to show the fluid flow during contraction and relaxing period. A double solenoid 5/2way directional control valve and Arduino Uno microcontroller were utilized to control the frequency and direction of the pneumatic actuator. A video camera was fixed from the top in Z-axis direction to record the fluid flow behavior. Fig. 3 and Fig.4 respectively shows the block diagram and real picture of the experimental setup. Contraction force, Fc as the input had been set at 5N, 10N, 15N and 20N. The contraction frequency was set at low frequency between 0.5Hz and 1.0Hz. This frequency had been varied in the microcontroller program. Thrust could be calculated by obtaining the mass flow rate multiply with the fluid acceleration. Nozzle sizes were set at 1.8x10-5m2, 3.6x10-5m2, 5.4x10-5m2 and 7.2x10-5m2 which had been represented as N1, N2, N3 and N4 respectively. In this case, the initial velocity was 0.00 ms-2 and thus the v2 had been taken for fluid acceleration. Eq. (5) shows the relation between the thrust, fluid density, flow rate and fluid acceleration. The fluid density had been fixed at 995kgm-3 referring to the density of water at 30˚C. Thrust Force Measurement. The experimental setup to measure the thrust force from the accelerated mass flow rate was almost the same with the previous experiment, except the substitution of the video camera with load cell (transducer techniques GSM-30). Prior to the measurement of the thrust, calibration was made by obtaining the voltage generated from the load cell after being applied with several predetermined loads. The small voltage value from the load cell was excited to bigger range, between 0 to 8V by using signal conditioner (Transducer techniques). This data was later logged in to the National Instrument software via data acquisition (DAQ) card NI-6009. The data gained from the experiment will be compared to the calculated data from the simulation.
Result and Discussion
Fluid Flow Characterization. The generated water jet velocity had been measured by obtaining the maximum length of the ejected fluid over the time taken to achieve the length. Red color injected into the pressure chamber helped to detect the water jet length easily. In this case, the viscosity of the diluted red color solution had been neglected because the difference was too small. The maximum length of the jet was considered as the length where the head of the ejected jet formed the vortex ring. The time taken to form the vortex ring had been measured by defining the video frame per second (fps) and count how many frames it took to form the vortex ring. Fig. 5 shows the formation of the vortex ring from the ejected water jet. The result shows that the jet velocity increases exponentially as we increased the contraction force (Fig.6 ). The highest fluid velocity that could be achieved was almost 1.80 ms -1 . However, it depends on the nozzle opening area. The smallest nozzle area gave the highest jet velocity increment and the biggest nozzle area had near linear relation between the jet velocity and the contraction force. Thrust Force Validation. The thrust was measured using load cell and the output voltage from the load cell was converted to the force magnitude. The data were logged using National Instrument NI-DAQmx software and NI6009 DAQ. In this software, the reading was recorded in voltage (Fig.  7) . The results were converted into Newton by referring the recorded calibration result previously. Fig. 8 exhibits the relation between generated thrust and the actuating force at different nozzle opening area. Generally the smallest nozzle area gives significant thrust generation when the contraction force increased. The recorded increment would be up to 275% with the increment of 15N of the contraction force. The nozzle area between 3.6 x 10 -5 m 2 and 7.2 x 10 -5 m 2 had thrust below than 0.002N and show no significant increment. The validation of the thrust at the variation
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Mechanical Design and Power Engineering of nozzle area is exhibited from Fig. 9 a) to Fig. 9 d) . In general, the simulation result and the experimental data had similar trend and close value. However, there are still gaps between the data that could be corrected by a correction factor. In future, the result could be refined by increasing the number of input parameters as well as increasing the range of measurement. Besides, those parameters could be optimized better using design optimization techniques. 
Conclusion
This research gives a valuable general overview on the relation between the parameters in generating thrust from CWJT. Measurement using video and colored fluid had near to the actual result and it is an alternative method to measure fluid flow in a small scale environment. Basically,
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the increment of the contraction force increases the thrust. Most of these relations are in exponential trend. However, the nozzle opening area would provide significant influence on the relation between the contraction force and the thrust. By obtaining the result of these experiments, we could expand them to a more detail optimization by utilizing the design of experiment methods. Some of the potential parameters such as the nozzle tapered angle were neglected in this research due to the design factor which deals with small scale application.
